Background.
A substantial proportion of rheumatoid arthritis (RA) patients does not respond or loses initial response to adalimumab therapy. One of the explanations for non-response could be that patients develop anti-adalimumab antibodies. Therefore, we evaluated the incidence of antibody formation against adalimumab and the association with serum adalimumab concentrations and clinical response.
Methods.
In a cohort of 121 consecutive RA patients treated with adalimumab we measured serum adalimumab concentrations and antibodies against adalimumab together with clinical response parameters before and up to 28 weeks after the start of adalimumab treatment.
Results. 
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Clinical response to adalimumab and antibodyformation 51 A substantial proportion of rheumatoid arthritis (RA) patients still have persistent disease activity or flare of disease activity despite treatment with TNF-a blocking therapy. [1] An explanation could be that antibodies are formed against these therapeutic agents. In RA and Crohn's disease patients with human anti-chimeric antibodies (HACAs) to infliximab have been described.
Initially, the clinical significance of these antibodies was uncertain. However, recent data on Crohn's disease indicate that these anti-infliximab antibodies are associated with allergic reactions and a shorter duration of response. [2] In RA patients the development of antibodies against infliximab is associated with a reduced response to infliximab after treatment for an extended period of time. [3] Simultaneous immunosuppressive therapy has shown to reduce HACA formation. [2, 4] Adalimumab is a fully human antibody and, therefore, thought to be less immunogenic than chimeric antibodies. [5] Nevertheless, it has previously been suggested that human anti-human antibodies (HAHAs) against adalimumab may develop as well, although the data are limited.
Anti-adalimumab antibodies were found in 12 % of RA patients on adalimumab monotherapy in a dose of 40 mg every other week. [6, 7] Contradictory results were reported with regard to the influence of these antibodies on clinical response. [6, 7] Recently, we found high antiadalimumab concentrations in an RA patient, which was associated with undetectable serum adalimumab levels and a diminished clinical response. [8] This case report suggested that HAHA formation could play an important role in some patients not responding to adalimumab therapy. This emphasizes the need for further investigation with standardized analysis techniques into the role of antibody formation on clinical response. Therefore, we evaluated adalimumab and anti-adalimumab antibody levels in relation to clinical response in a cohort of RA patients up to 28 weeks after initiation of treatment.
PATieNTs AND meTHoDs

Patients.
This prospective observational cohort study consisted of 121 consecutive RA patients treated with adalimumab therapy at the Departments of Rheumatology of the Jan van Breemen Institute and the Academic Medical Center, Amsterdam. All patients fulfilled the American College of Rheumatology 1987 revised criteria for RA, and had active disease, indicated by a disease activity score in 28 joints (DAS28) of ≥ 3.2 despite earlier treatment with two Disease-Modifying Anti-Rheumatic Drugs (DMARDs) including methotrexate (MTX) at a dosage of 25 mg weekly or at the maximal tolerable dosage, according to the Dutch consensus statement on the initiation and continuation of TNF blocking therapy in RA. [9] Patients were treated either with adalimumab and concomitant DMARD therapy or with adalimumab monotherapy. All patients used adalimumab 40 mg subcutaneously every other week. In patients with an inadequate response as judged by the treating rheumatologist, the dosing frequency of adalimumab could 1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
39.
Chapter 4 52 be increased to 40 mg per week. The study was approved by the Medical Ethics Committee of the Slotervaart Hospital, BovenIJ Hospital, the Jan van Breemen Institute, and the Academic Medical Center/University of Amsterdam. All patients gave written informed consent.
Clinical Response.
Disease activity was assessed at baseline and after 4, 16 and 28 weeks of therapy using the DAS28 score. [10] Clinical response was assessed by the European League Against Rheumatism (EULAR) response criteria and the change in DAS28 score (delta DAS28). [11] Serum samples were collected just prior to an injection with adalimumab at baseline, and after 4, 16 and 28 weeks.
Measurement of adalimumab concentrations.
Trough serum adalimumab concentrations were measured by enzyme linked immunosorbent assay (ELISA), based on the principle that adalimumab is captured via its ability to bind TNF-a. Adalimumab was quantified as described previously for infliximab measurement with one modification. [12] Adalimumab binding was assessed by incubation with biotinylated rabbit IgG directed to the adalimumab idiotype. Detection limit of the assay is about 0.001 mg/L.
Measurement of antibodies against adalimumab.
Anti-adalimumab was detected with a newly developed radio immunoassay (RIA). The assay measures specific high avid IgG antibodies against adalimumab by an antigen binding test as described previously for the detection of antibodies against infliximab. [3] Serum (1µL/test) was pre-incubated with Sepharose-immobilized protein A (1 mg/test; Pharmacia, Uppsala, Sweden) in Freeze buffer (Sanquin, Amsterdam, the Netherlands). Non-bound serum components were removed by washing before 50 µl of 125 I-labeled F(ab)'2 fragment of adalimumab was added.
After overnight incubation non-bound radiolabel was washed away and Sepharose-bound radioactivity was measured. Test results were converted into arbitrary units per milliliter (AU/ml) by comparison with dilutions of a reference serum. The mean cut-off value was set at 12 AU/ml (mean + 6 SD of the pre-treatment values) which was derived from 100 healthy donors. In agreement with this all sera of patients in this study contained less than 12 AU/ml of anti-adalimumab before they received their first adalimumab injection. Assay specificity was demonstrated by the absence of anti-adalimumab in 25 sera containing high-titer anti-infliximab. Because the presence of adalimumab interferes with the assay, it is to be expected that in patients with high levels of adalimumab, anti-adalimumab is underestimated or undetectable. The antibody test was considered positive when the antibody concentration exceeded 12 AU/ml and the adalimumab concentration was 5 mg/L or less. We occasionally observed patients with antiadalimumab simultaneous with serum levels of adalimumab. Adalimumab and antibody concentrations were measured at baseline and 28 weeks after initiation of treatment. At week 4 and 16, antibody concentrations were determined only in serum of patients with an adalimumab concentration of less than 5 mg/L and in patients with anti-adalimumab at week 28.
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Statistical analysis.
For differences between groups we used the independent samples T test or Mann-Whitney U as appropriate. For differences between paired samples we used paired samples T test or Wilcoxon signed rank test. The threshold for significance was set at P < 0.05. We used multiple logistic regression analysis to investigate the relationship between EULAR response and adalimumab concentrations as well as the presence of anti-adalimumab antibodies and the influence of sex, age, methotrexate and prednisone use and dose on this relationship.
To analyze clinical response in patients with and without antibodies after 28 weeks of treatment we used last observation carried forward for patients who stopped treatment due to nonresponse or adverse events. In a sub analysis the effects of increasing the adalimumab dosing frequency to 40 mg weekly were studied with the data obtained after the more frequent dosing.
resULTs
Patient characteristics.
The majority of the 121 patients who entered the study was female (79%) and mean (± standard deviation, SD) age was 53 ± 13 years (Table 1) 
Clinical response.
After 28 weeks follow-up 109 of 121 patients were still on adalimumab treatment. In ten patients dosing frequency was increased. Of the 99 patients who did not have an increased adalimumab dosing frequency, 77 (78%) were classified as responder according to the EULAR response criteria. The responders consisted of 34 (34%) good responders and 43 (43%) moderate responders. The mean improvement in DAS28 was 1.7 ± 1.3.
Twelve patients stopped treatment before week 28, of whom 6 (5%) due to inefficacy (as concluded by the treating rheumatologist), and 4 (3.3%) due to side effects (chronic coughing, flu like symptoms, palpitations, dysuria, and fever of unknown origin). In one (0.8%) patient adalimumab was stopped because of a suspected malignancy, and one (0.8%) patient died of an unknown cause after 16 weeks of treatment.
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Antibodies against adalimumab.
During 28 weeks follow-up, antibodies were detected in 21 (17%) patients. Nine (7.8%) patients were found to be positive for anti-adalimumab at week 4 after start of treatment, six (5.0%) patients at week 16, and another six (5.0%) patients at week 28. The serum concentrations of anti-adalimumab had two clusters that could be separated at a cut off value of 100 AU/ml. Ten of 21 patients had antibody concentrations that stayed below 100 AU/ml at all time points The percentage of patients using concomitant MTX was significantly lower in patients with antibodies against adalimumab (52%) compared to patients without (84%) such antibodies (P 
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Adalimumab concentrations.
At 28 weeks median trough adalimumab concentration was 10 mg/L and varied from undetect- Adalimumab concentrations were significantly lower in patients with high anti-adalimumab antibody levels compared to low *(P < 0.001) or absent antibodies** (P < 0.001) at week 16. The difference in adalimumab concentrations between low antibody levels and no antibodies was also significant (P = 0.001). At week 28 differences between all groups were highly significant (P < 0.001).
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Clinical response and anti-adalimumab antibodies.
EULAR non-responders had significantly more often anti-adalimumab than good responders (P = 0.006). After adjusting for sex and MTX dose, the presence of anti-adalimumab antibodies remained a significant determinant of EULAR response (P = 0.032). EULAR non-responders significantly more often had anti-adalimumab than moderate responders (P = 0.039). However, this difference between non and moderate responders was no longer present after adjusting for MTX use (P = 0.148). The difference between good and moderate responders did not reach statistical significance.
Of the 11 patients with anti-adalimumab concentrations above 100 AU/ml 9 patients (82%)
were non-responder and 2 patients were moderate responder (18%). In patients with antiadalimumab levels between 12-100 AU/ml (n = 10) only 3 patients were non-responder (30%), 5 were moderate responder (50%) and 2 were good responder (20% Figure 2 . The relationship between EULAR response and presence or absence of anti-adalimumab antibodies is shown. Of the 11 patients with anti-adalimumab antibody concentrations above 100 AU/ml 9 patients (82%) were non-responder and 2 patients were moderate responder (18%). Of the 10 patients with anti-adalimumab levels between 12-100 AU/ml only 3 patients were non-responder (30%), 5 were moderate responder (50%) and 2 were good responder (20%). Of the 100 patients in whom no antibodies against adalimumab were detected during the 28 weeks follow-up, 23 (23%) were non-responder, 41 (41%) moderate, and 35 (35%) good responder. EULAR non-responders had significantly more often anti-adalimumab antibodies than good responders (P = 0.006) and moderate responders (P = 0.039), and most non-responders were found in the group with high (>100 AU/ml) anti-adalimumab concentrations compared to the group with low (12-100 AU/ml) anti-adalimumab concentrations.
14.
17.
19.
21.
23.
25.
27.
29.
31.
33.
35.
37.
39.
Clinical response to adalimumab and antibodyformation 57 significantly less improvement in DAS28 (mean delta DAS28: 0.65 ± 1.35) than patients without anti-adalimumab (mean delta DAS28: 1.70 ± 1.35) (P = 0.001). The relationship between DAS28, adalimumab, and anti-adalimumab concentrations is shown in figure 3 .
Clinical response and adalimumab concentrations. 
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Increased dosing frequency of adalimumab.
In ten patients (8,3%) the dosing frequency of adalimumab was increased to 40 mg weekly while concomitant MTX and prednisone dose remained stable. At the last visit before increasing the dosing frequency, 7 patients were non-responder, 1 moderate, and 2 good responder Non-responders had lower serum adalimumab levels than moderate responders (P = 0.043). However, this difference was no longer significant after adjusting for MTX use (P = 0.098). Good responders had significantly higher serum adalimumab concentrations than moderate responders (P = 0.021). The boxplot presents the median and interquartile range, the whiskers represent the 95th percentiles.
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DiscUssioN
After 28 weeks of therapy anti-adalimumab antibodies were found in 17% of the patients. Our results show that the presence of anti-adalimumab is associated with diminished adalimumab concentrations and that especially high anti-adalimumab concentrations are associated with the absence of detectable serum adalimumab. Furthermore, the presence of anti-adalimumab as well as low serum adalimumab concentrations is associated with a diminished clinical response.
For infliximab HACAs were found in 29% of the patients during 30 weeks follow-up. [3] Infliximab is a chimeric monoclonal antibody, with a human constant region and murine variable regions. In adalimumab, a "fully human" antibody, the constant and variable regions are both "human". Therefore, one can expect adalimumab to be less immunogenic. However, when comparing the relative immunogenicity we have to take into account not only the extent of humanization but also the differences in dosing schedules and route of administration of these two monoclonal antibodies. [13] It is doubtful that any biological therapy will be completely without immunogenicity, but some may be relatively more immunogenic than others. Adalimumab (mg/L) Anti-adalimumab (AU/ml) Figure 5 . Changes in DAS28, adalimumab concentration, and anti-adalimumab antibody concentration after increasing the dosing frequency in two individual patients. In both non-responders the dosing frequency was increased to once per week after which an increase in adalimumab concentration was observed (see arrow for time of dose increase). The X-axis represents time in weeks, the left Y-axis represents the adalimumab concentration in mg/L. The right Y-axis represents the anti-adalimumab antibody concentration in AU/ml. The DAS28 score is presented in bars.
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Anti-adalimumab antibodies were described previously in 12% of patients using adalimumab monotherapy 40 mg every other week for 26 weeks. [7] In that study, no significant difference in ACR 20 response was found between patients with and without antibodies. In contrast, our data
show that the presence of especially high concentrations of antibodies against adalimumab is associated with EULAR non-response. Other data confirm our finding that a diminished clinical response is seen in patients with detectable antibodies compared to patients without antibodies. [6] Differences between studies might be due to the use of different assays. Therefore, to come to an agreement on the immunological and clinical importance of antibody formation it will be essential to further standardize the assays used for studying immunogenicity. Obviously, this is not only important for adalimumab but for all therapeutic monoclonal antibodies.
During 28 weeks follow up high anti-adalimumab antibody concentrations (> 100 AU/ml) were associated with low serum trough adalimumab concentrations. The reduced adalimumab levels in these patients is probably due to an increased clearance of adalimumab via the formation of adalimumab-anti-adalimumab immune-complexes. This notion is supported by recent observations in RA patients receiving 99 Technetium-labeled infliximab. [14] In one HACA positive non-responder the formation of small immune complexes could be detected which coincided with a fast blood clearance and high uptake of infliximab in the liver and spleen.
Without adalimumab in the circulation, its function would logically be impaired. It is possible that a patient has adalimumab in the circulation in the interval between two dosings, and the adalimumab concentration drops below detection limit just prior to the next adalimumab injection. In that case, it would be possible for a patient to have a good response based on adequate adalimumab concentrations in the two week dosing interval despite the presence of antibodies against adalimumab and undetectable trough concentrations prior to the next injection. However, the fact that most patients with anti-adalimumab concentrations above 100 AU/ml were non-responders indicates that overall serum adalimumab concentrations were very likely to be too low to have a therapeutic effect.
Since there is competition for the assay in the presence of adalimumab the incidence of antiadalimumab may be underestimated in all patients. Anti-adalimumab antibodies could cause an increased clearance and lower adalimumab concentrations in some patients, while the antibodies are not yet detectable. This might be one of the explanations for the fact that serum adalimumab concentrations were significantly higher in EULAR good responders compared to moderate responders.
The question rises what causes anti-adalimumab formation in some patients, but not in others, and what could explain the difference between patients with high and low anti-adalimumab levels. It is likely that immunosuppression with MTX reduces anti-adalimumab formation as 14.
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Clinical response to adalimumab and antibodyformation 61 was shown previously for anti-infliximab antibodies. [4, 6] Our data confirm the notion that concomitant MTX use reduces the rate of antibody development .
Anti-adalimumab antibodies were no longer detectable in all 5 patients with anti-adalimumab antibodies in whom the dosing frequency was increased. Increasing the dosing frequency might overload the capacity of the immune system to produce anti-adalimumab, or alternatively induce immunotolerance. Interestingly, the disease activity (mean DAS28) improved considerably in these patients. It can be speculated that continuation of treatment with increased dosing frequency of adalimumab can be effective in some patients with anti-adalimumab antibody titers, however, dose escalation is not effective in all patients. [8, 15] In summary, these results show that anti-adalimumab antibodies are associated with diminished adalimumab concentrations, which may be related to an increased clearance of serum levels of adalimumab.
Furthermore, a clear association was found between the presence of anti-adalimumab antibodies and a diminished clinical response, indicating that the formation of anti-adalimumab antibodies can be an explanation for non-response to adalimumab therapy. Quantification of serum adalimumab and anti-adalimumab antibody concentrations and learning more about the underlying factors of influence on these concentrations should lead to a more individualized and optimized treatment in the future.
